Additional index words. Poa pratensis, electrolyte leakage, photosynthetic rate, relative water content, stomatal conductance, water stress Abstract. Drought is a major factor limiting plant growth, which has been associated with the accumulation of absicsic acid (ABA) in various species. The objective of the study was to determine the relationship between ABA accumulation and drought tolerance for kentucky bluegrass (Poa pratensis L.) during short-term drought stress. Eight kentucky bluegrass cultivars ('Midnight', 'A82-204', 'RSP', 'Alpine', 'Moonlight', 'Brilliant', 'Washington', and 'Baruzo') were subjected to drought stress in a growth chamber. Water relations, gas exchange rate, and ABA content of leaves were determined at various times during drought stress. Turf quality decreased with drought duration for all eight cultivars. Leaf ABA content increased linearly with drought stress within 11 days of treatment; the rate of the increase was negatively related to the rate of turf quality decline. The rate of ABA accumulation during drought stress was positively correlated with the rates of decrease in turf quality (r 2 = 0.6346), increase in electrolyte leakage (r 2 = 0.7128), and decrease in relative water content (r 2 = 0.5913). There were highly signifi cant negative correlations between ABA content and leaf water potential (r 2 = 0.9074), stomatal conductance (r 2 = 0.6088), transpiration rate (r 2 = 0.6581), net photosynthesis rate (r 2 = 0.6956), and a positive correlation between ABA content and electrolyte leakage (r 2 = 0.7287). The results indicate that drought tolerance is negatively related to ABA accumulation during shortterm drought stress. ABA accumulation in response to drought stress could be used as a metabolic factor to select for drought tolerance in kentucky bluegrass.
Drought is one of the most important environmental factors limiting growth of turfgrasses and can cause severe decline in turf quality, particularly for cool-season grasses (Aronson et al., 1987; Beard, 1973; . The ability of plant tolerance to drought stress is associated with the maintenance of high leaf water potential, stomatal conductance, transpiration, and photosynthesis, but low levels of electrolyte leakage (an indicator of cell membrane stability) during drought stress (Huang and Gao, 1999; Jiang and Huang, 2001; Lehman et al., 1993; Qian and Fry, 1997) . These physiological parameters have been widely used as physiological indicators for the selection of drought-tolerant plant materials (Blum, 1989; Bonos and Murphy, 1999; Qian and Fry, 1997) .
Abscisic acid (ABA) is an essential constituent of higher plants, which often increases in quantity under stressful conditions, particularly drought stress. Its importance as a metabolic factor in the regulation of plant tolerance to stresses has received great attention in recent years (Cao et al., 2000; Quarrie, 1993) . ABA initiates a signal cascade in guard cells that alters the membrane transport of several ions, and as a result guard cells lose their turgor and stomata close. This results in changes of stomatal conductance, transpiration rate, and photosynthesis (Bohnert et al., 1995; Bray, 1993; Ludewig et al., 1988; Zhang et al., 1995) . ABA content increases with drought stress in various plant species, but the extent and rate of ABA accumulation vary with species and cultivars differing in drought tolerance (Conti et al., 1994; Pekic and Quarrie, 1987; Pekic et al., 1995; Tuberosa et al., 1992) . Several studies in annual crops found that drought-tolerant cultivars (in terms of the least reduction in grain yield under drought stress) tended to accumulate less ABA in wilting leaves than drought-susceptible ones, and suggest that low leaf ABA accumulation could be used as a selection criterion to improve drought tolerance in breeding programs [wheat (Triticum aestivum L.) : Innes et al., 1984; Quarrie, 1989 ; sorghum (Sorghum bicolor L.): Durley et al., 1983 ; maize (Zea mays L.): Landi et al., 2001] . Other studies suggest that high ABA accumulation is positively related to drought tolerance (Larque-Saavedra and Wain, 1976) . A linkage between ABA accumulation and physiological responses may exist under drought stress. While the role of ABA in the regulation of drought resistance has been reported in other species, mainly annual crops, how ABA accumulation is related to water relation, gas exchange rate, and cell membrane stability for perennial turfgrasses exposed to drought stress has not been determined. A study of the relationship between ABA accumulation and changes in various physiological stress indicators may reveal a pattern of plant response in ABA accumulation in relation to drought tolerance of turfgrass. Evaluation of ABA accumulation could be used as a powerful tool for genetic improvement of drought tolerance in turfgrass.
The objectives of this study were to investigate the relationship between leaf ABA accumulation and several commonly used physiological indicators for plants exposed to short-term drought stress and to determine the relationship between ABA accumulation and drought tolerance for kentucky bluegrass cultivars.
Materials and Methods
Sod pieces (15 cm in diameter and 2 cm deep) of eight kentucky bluegrass cultivars ('Midnight', 'A82-204', 'RSP', 'Alpine', 'Moonlight', 'Brilliant', 'Washington', and 'Baruzo') were collected from 2-year-old fi eld plots at the Rutgers Plant Biology and Pathology Research Farm, Adelphia, N.J. Sod pieces were washed free of soil before planting in 20-cm-diameter × 40-cm-deep pots fi lled with a mixture of 1 sand : 3 top soil (fi ne, montmorillonitic, mesic, aquic arquidolls) (by volume). Plants were grown in a greenhouse for 60 d and then transferred to growth chambers with temperatures of 22 °C day/18 °C night, 14-h photoperiod, and a photosynthetic photon fl ux density (PPFD) of 600 µmol·m -2 ·s -1 . Grasses were maintained in growth chambers for 15 d before drought treatment was imposed. Slowrelease fertilizer containing 17N-6P-10K was topdressed twice during the 60-d growing period before dry-down to provide total N at 17 g·m -2 . Turf was hand-clipped twice weekly at ≈6-cm height before drought treatment and not clipped during the treatment period.
Plants were watered until drainage occurred from the bottom of each pot on alternate days before drought treatments were initiated. During drought stress, irrigation was withheld, allowing soil to dry for 25 d. Grasses were not clipped during the dry-down period. Volumetric soil water content in 0-20 cm soil layer was monitored to determine soil dryness during drought stress by time domain refl ectometry (TDR; Soil Moisture Equipment Corp., Santa Barbara, Calif.). The TDR rods were inserted vertically in the soil. The fi eld capacity of the sand and topsoil mix was 28% ± 0.5% (mean of eight replications ± standard error), which was measured in eight pots with TDR when drainage ceased following watering the soil to saturation. Soil water content dropped to 17.8% ± 0.43% at 12 d, and down to 5.2% ± 0.27% at 25 d.
Turf quality and physiological parameters were evaluated on alternate days during the 11-d dry-down period. Turf quality was visually rated based on leaf color, shoot density, and uniformity of color and density on a 0 to 9 scale, where 0 = worst quality, and 9 = best quality. All physiological measurements were made on six fully expanded leaves (blades fully exposed from the sheath) from different plants in each pot. Leaf net photosynthetic rate (Pn), stomatal conductance (g s ), and transpira-HORTSCIENCE 39 (5) tion rate (Tr) were measured with a portable gas exchange system (LI-6400; Li-COR Inc., Lincoln, Nebr.) at a PPFD of 800 µmol·m -2 ·s -1 and a chamber temperature of 22 °C from 1000 to 1400 HR at each measurement time. Leaf relative water content (RWC) was calculated as (fresh weight -dry weight)/(turgid weight -dry weight) × 100. The turgid weight of leaves was measured after soaking leaves in water overnight at 20 °C. Leaf water potential was measured with a thermocouple psychrometer (Tru Psi; Decagon Devices, Pullman, Wash.). Cell membrane stability was estimated by measuring electrolyte leakage (EL). Samples of 0.1-g leaves were rinsed and immersed in 20 mL of deionized water. The conductivity of the solution (C initial ) was measured after the leaves were shaken for 24 h. Leaves then were killed by autoclaving at 140 °C for 20 min. The conductivity of killed tissues (C max ) was measured after samples were cooled down to the room temperature. Relative EL was calculated as the percentage of C initial over C max .
Leaves were sampled on the same days as for the other measurements described above for abscisic acid (ABA) analysis. Extraction and analysis of ABA followed the methods described in Alves and Setter (2000) . . ABA was separated with reverse-phase chromatography on columns packed with 25 mg of 40-µm diameter C 18 -silica material (SPE-96; Supelco, Bellefonte, Pa.). Solvents were eluted in a vacuum manifold (psi < 5). Columns were pre-equilibrated with Solvent I; then samples were loaded in 100 µL, and contaminants were eluted with 400 µL of Solvent I and for radioactive count. ABA was eluted with 200 µL of Solvent II [55% (v/v) methanol + 1% (v/v) glacial acetic acid]. Radiolabelled tracer ABA indicated greater than 90% recovery of ABA with this procedure. ABA fractions were dried in vacuum at <24 °C, and then resuspended in 200 µL buffer (pH. 7.5) containing 150 mM NaCl and 10 mM Tris-HCl). ABA was assayed by indirect enzyme linked immunosorbant assay (ELISA) as described by Alves and Setter (2000) . High specifi c (+)-ABA monoclonal antibody (PDM 09347/0096; Agdia Inc., Elkhart, Ind.) was used for ELISA. After ELISA processes, absorbance at 405 nm was read with a plate reader (model EL800; Bio-Tek Instruments Inc., Winooski, Vt.). (+) ABA content was calculated based on (+) ABA calibration standards and a logarithm transformation of data.
The experiment was a completely randomized design with four replications for each treatment and cultivar. Each measurement was taken in four replicated pots. Treatment effects were determined by analysis of variance according to the general linear model (GLM) procedure of the Statistical Analysis System (SAS Institute, Cary, N.C.). The pattern of ABA accumulation and turf quality decline in each cultivar and the relationships between ABA content and physiological parameters were determined using Pearson's correlation analysis. The signifi cance of the correlation coeffi cients was tested at a probability level of 0.01 and 0.001. The differences in the rates of changing turf quality over time (slopes) between cultivars were tested using the homogeneity-of-slopes model in the GLM procedure of SAS.
Results and Discussion
Turf quality declined linearly during the fi rst 20 d of drought initiation for all eight cultivars. The rate of turf quality decline was greatest for 'RSP' and 'Moonlight'; lowest for 'Midnight', 'A82-204', and 'Washington'; and intermediate for 'Brilliant', 'Baruzo', and 'Alpine' (Table 1) . Turf quality refl ects the overall performance of turfgrass. The current study was conducted in pots with limited soil volume and uniform soil moisture content from the surface to the bottom of the pot. Genotypic variations in turf performance may be mainly contributed by drought tolerance. Our previous study (Wang and Huang, 2003) compared drought tolerance among 'Midnight', 'A82-204', 'Brilliant', and 'RSP' and found the same ranking of drought tolerance for these cultivars as in this study. In a previous study conducted in the fi eld study, however, 'RSP' performed well under summer stress (combined heat and drought stress). Under fi eld conditions, 'RSP' had deep rooting, which may be able to avoid drought stress by taking up water from deeper soil profi le (Bonos and Murphy, 1999) .
Leaf ABA content did not change and was maintained at the control level (averaged 12.4 pmol·g -1 fresh weight for eight cultivars) within the fi rst 2 d of drought stress for all cultivars. During the 3-11 d of the stress period, however, leaf ABA increased linearly with drought progression for all cultivars (Table 2; Fig. 1 ). The rate of ABA accumulation was positively correlated with the rate of turf quality decline under drought stress (Fig. 2) . ABA accumulation rate with drought stress ranked as 'RSP' = 'Moonlight' > = 'Brilliant' = 'Baruzo' = 'Alpine' > 'Washington' = 'Midnight' > = 'A82-204'.
Cultivars with higher turf quality had lower ABA content than those with lower turf quality during the 11 d of stress period (Fig. 1) . ABA content in 'Midnight' and 'A82-204' were only 33% and 56% of that in 'Moonlight' at 11 d of drought stress. Volaire et al. (1998) also reported lower ABA content in leaves of a drought-tolerant cultivar compared to that of a drought-susceptible cultivar of perennial cocksfoot (Dactylis glomerata L.). Our results are also consistent with the results of studies on some annual crops, such as maize (Ilahi and Dorffl ing, 1982) , spring wheat (Quarrie, 1980 (Quarrie, , 1981 Quarrie and Jones, 1979) , and sorghum (Durley et al., 1983) . ABA accumulation in guard cells during drought induces stomatal closure and prevents excessive water loss at the expense of reduced photosynthesis. Plant survival is a critical factor in the tolerance of perennial grasses, such as kentucky bluegrass, to a prolonged drought. ABA accumulation is negatively related to photosynthesis due to induced stomatal closure (Aasamaa et al., 2002) . Therefore, low accumulation of ABA would be benefi cial for the maintenance of photosynthesis during short-term drought, and allow dry matter to accumulate to support plant survival during prolonged drought.
Leaf water potential (Ψ), relative water content (RWC), electrolyte leakage (EL), leaf net photosynthesis (Pn), stomatal conductance (g s ), and transpiration rate (Tr) have been widely used as physiological indicators to evaluate drought response in turfgrasses Lehman et al., 1993; Qian and Fry, 1997) . Drought-tolerant cultivars are characterized by a slower decline of Ψ, RWC, Pn, g s , Tr, and increase of EL than drought-susceptible cultivars during prolonged drought stress (Carrow, 1996; Huang and Gao, 1999; Jiang and Huang, 2001; Lehman et al., 1993) . Most leaves were completely wilted by 11 d of drought stress. Photosynthetic rate and stomatal conductance dropped to near zero by 11 d of drought and photosynthesis became negative after 11 d of stress for drought-sensitive cultivars (data not shown). Therefore, in this study the relationships between ABA content and physiological parameters were determined using the correlation analysis for data collected within 11 d of drought stress. Leaf ABA content was negatively correlated with Ψ, RWC, g s , Tr, and Pn, but positively related to EL (Fig. 3) . The rate of EL increase was an indicator of the rate of cell membrane damage in plants during drought stress, which was positively related to the rate of ABA accumulation (Fig. 4) . The rate of RWC decline was an indicator of the rate of water loss in plants, which was also signifi cantly correlated with the rate of ABA accumulation (Fig. 5) . ABA is a stress-induced hormone, and its accumulation is largely controlled by leaf water status and depends on the level of stress (Quarrie, 1989; Quarrie and Jones, 1979) . In response to drought, plants synthesize ABA, which triggers closing of stomata, thus reducing water loss during the early phase of stress (Schroeder et al., 2001 ). The rate of ABA accumulation in leaves, therefore, indicates the severity of physiological injuries, which is consistent with other physiological indicators (Ψ, RWC, g s , Tr, Pn, and EL). In a comparison of ABA accumulation for four cultivars differing in drought tolerance, Wang and Huang (2003) reported that 'Midnight' and 'A82-204', with lower ABA accumulation, maintained higher Ψ and RWC than 'Brilliant' and RSP with higher ABA accumulation under the same level of drought stress. In summary, kentucky bluegrass cultivars tolerant of drought exhibited slower ABA accumulation rate than drought-sensitive cultivars during short-term drought stress. The accumulation rate of endogenous ABA could be used as a criterion for drought tolerance selection in kentucky bluegrass. Evaluation of endogenous ABA accumulation could greatly improve the effi ciency of selection for breeding drought-tolerant turfgrasses, due to the feasibility for the quantifi cation of ABA for large populations of germplasms. Fig. 4 . The relationship between the rate of leaf ABA accumulation and rate of water loss during 11 d of drought for all eight cultivars. Both rates were calculated based on daily changes during drought stress. Correlation coeffi cients (r 2 ) (df = 30) were signifi cant at P = 0.01. Fig. 5 . The relationship between the rate of leaf ABA accumulation and the rate of electrolyte leakage increase during 11 d of drought for all eight cultivars. Both rates were calculated based on daily changes during drought stress. Correlation coeffi cients (r 2 ) (df = 30) were signifi cant at P = 0.01.
